T he number of peripheral T cells that populate the adaptive immune system is maintained at a relatively constant level throughout life. This stability results from the activities of specific homeostatic mechanisms that regulate production and survival of T cells. For memory T cells, cytokines such as IL-7 and IL-15 play a central role in promoting both survival and cell division of T cells (1) (2) (3) (4) , such that cell death is balanced by cell division to maintain memory cells in the absence of specific Ag. The size of the naive T cell compartment is similarly regulated by balancing death of T cells with their de novo production. Death of T cells is regulated by a requirement for specific survival signals to maintain cell viability. Production of new naive T cells arises from both de novo production in the thymus and cell division of naive T cells in the periphery. The relative importance of these two processes varies between different species. In humans, thymic output declines greatly after childhood (5) , and peripheral cell division is a critical source of new T cells (6) . In mice, cell division is largely restricted to new T cells in the thymus (7) , and thymic output is the predominant means of maintaining the size of the peripheral compartment (6, 8) .
The environmental signals that control both cell division and survival of naive T cells are similar. In mice, there is a nonredundant role for the cytokine IL-7 to induce homeostatic cell division in lymphopenic conditions and to promote cell survival (1, (9) (10) (11) . IL-7 signaling is known to regulate function and expression of Bcl2 family members (12, 13) whereas Jak-Stat signaling regulates cell cycle (14) (15) (16) . In addition to cytokine signaling, there is a nonredundant role for signals from the TCR resulting from TCR engagement of self-peptide MHCs (spMHCs) to promote survival of naive T cells. Ablation of either ligand or receptor expression results in the loss of CD4 and CD8 lineage-naive T cells (17) (18) (19) . The signaling pathways required to promote homeostatic responses downstream of TCR ligation and the mechanisms involved are less well understood. Expression of Src family kinases is required for naive T cell survival, as it appears that either p59 fyn or p56 lck can promote survival (10) . In contrast, only p56 lck can transmit the signals required for induction of lymphopenia-induced proliferation (LIP) (20) . Although these studies clearly identify a requirement for expression of Src family kinases by naive T cells for their long-term survival, it is not known whether this is to transmit signals downstream of the TCR, or whether other receptors are involved in activating p56 lck or p59 fyn to evoke survival and proliferative responses from naive T cells. Zap70 kinase is more restricted in its utilization by surface receptors on T cells, and in naive cells it is exclusively linked to TCR signaling. However, whether Zap70 expression or function is required for transmission of the TCR-dependent survival and proliferative signals that regulate homeostasis of naive T cells has not previously been assessed. In the present study, we specifically asked whether long-term survival of naive CD8 T cells depends on expression and function of Zap70. We find that expression of Zap70 protein is required for the survival of naive T cells and, furthermore, that transmission of the survival signal is also dependent on the adapter function of Zap70 mediated by tyrosine residues 315 and 319 located in the interdomain B region.
Materials and Methods

Mice
Class I-restricted F5 Rag1 2/2 TCR transgenic mice were used as the control strain. F5 Rag1 2/2 Zap70 2/2 mice with tetracycline-inducible Zap70 transgene (TreZap70) and reverse tetracycline transactivator (rtTA huCD2 ) transgene (21) expressed under control of human CD2 expression elements (F5 TetZap70 hereafter) have been described previously (22) . All experiments with F5 TetZap70 strains were performed with thymocytes and T cells obtained from bone marrow chimeric mice to ensure the greatest consistency of TreZap70 transgene induction in response to doxycycline (dox) inducer. Chimeras were generated by transferring 5 3 10 6 bone marrow cells from F5 TetZap70 or control F5 Rag1 2/2 donors into sublethally irradiated (500 rads) Rag1 2/2 hosts, and allowing $6 wk for reconstitution. To induce Zap70 expression, F5 TetZap70 chimeras were fed 3% (w/w) dox-containing diet continuously. F5 Rag1 2/2 TreZap70 rtTA.C Zap70 YYAA/2 (F5 TetZap70 Zap70 YYAA hereafter) were generated by intercrossing with Zap70 YYAA strain in which tyrosines 315 and 319 are mutated to alanines (23) . These strains together with F5 Rag1 2/2 CD45.1, F5 Rag1 2/2 CD45.1 CD45.2, Rag1 2/2 , and Il7 2/2 Rag1 2/2 mice were bred and housed in specific pathogen-free conditions at the Medical Research Council National Institute for Medical Research (London, U.K.), and experiments were performed in accordance with U.K. Home Office regulations.
Abs and flow cytometry
The following Abs were used in this study and were purchased from eBioscience or BioLegend unless otherwise indicated: biotinylated Ab against CD45.1, CD45.2, and CD24 (heat-stable Ag [HSA]); FITCconjugated Abs against CD5, HSA, CD45.1, and CD45.2; PE-conjugated Abs against CD127 (IL-7Ra) and Zap70; PE-Texas Red-conjugated Ab against CD4; PE-Cy7-conjugated Abs against CD5 and CD8; allophycocyanin-conjugated Abs against TCR b-chain; eFluor 450conjugated Ab against CD4 and CD8; and Pacific Orange-conjugated Ab against CD8. Biotinylated Abs were detected with streptavidin conjugated to Pacific Orange (Invitrogen). Detection of surface Ags was performed with 2-5 3 10 6 cells stained in 100 ml PBS containing 0.1% (v/v) BSA on ice in the dark for 1 h as described previously (22, 24) . For subsequent detection of intracellular Zap70 expression, cells were fixed with IC fixation buffer (eBioscience), permeabilized for 3 min with 0.1% Nonidet P-40 (Igepal ca-360, Sigma-Aldrich), and stained for 12 h in BSA-free PBS. Flow cytometry was performed using a BD FACSCanto II (Becton Dickinson) or CyAn ADP (Beckman Coulter) analyzer. Cells were labeled with 2.5 mM of either CFSE (Invitrogen) or CellTrace Violet (CTV; Invitrogen) in Dulbecco's PBS (Life Technologies) for 10 min at 37˚C and washed twice. One to 2 million labeled lymphocytes were transferred to recipient mice by i.v. injection. Data were analyzed using FlowJo software (v9.4.11, Tree Star).
Statistical analysis
The size of the precursor populations was calculated as described previously (25) . Briefly, cellular expansion of dye-labeled cells was calculated by determining the frequency (F i ) of recovered donor cells that had undergone i divisions, + F i = 1. Adjusted frequencies, or precursor frequencies (f i ), were calculated by dividing F i by 2 i to remove the effects of expansion (+ f i # 1). The fold expansion was then given by the quantity 1/+ f i . T cell half-lives were estimated by nonlinear regression one-phase exponential decay curve fitting to data using Graphpad Prism 6 (v6.0a), using least squares fit. Per cell per day death rates were calculated as ln (2)/t 1/2 . Statistical significance was calculated using one-and two-way ANOVAs followed by a Bonferroni correction for multiple comparisons using GraphPad Prism 6 (v6.0a).
Results
Partial reconstitution of F5 T cell development by tetracycline-inducible Zap70 expression
In the absence of Zap70 expression, T cell development is completely arrested at the CD4 + CD8 + double-positive (DP) stage of T cell development in the thymus, and consequently Zap70 2/2 mice have no peripheral T cells. To assess whether long-term survival of peripheral naive T cells depends on Zap70, we took advantage of a previously described Zap70 2/2 F5 Rag1 2/2 TCR transgenic mouse strain in which the endogenous deficiency of Zap70 expression is rescued by F5 TetZap70 (22) . Zap70 expression is induced in vivo by administration of the inducing antibiotic dox in food. In the absence of Zap70 expression, T cell development in the thymus of F5 TetZap70 mice is completely arrested at the DP stage. Induction of Zap70 protein following dox feeding of F5 TetZap70 mice rescues Zap70 expression and partially restores generation of CD8 single-positive (SP) thymocytes.
We first confirmed that induction of Zap70 transgene expression by dox in F5 TetZap70 mice resulted in reconstitution of peripheral T cell compartment, in addition to thymic development. To reduce mouse-to-mouse variability in the frequency of thymocytes expressing Zap70 transgene expression (7) , we used irradiation bone marrow chimeras in which Rag1 2/2 hosts were reconstituted with bone marrow from F5 TetZap70 mice and fed dox (F5 TetZap70 ON chimeras hereafter). As control, other Rag1 2/2 hosts were reconstituted with bone marrow from F5 Rag1 2/2 control donors that were Zap70 wild-type (Zap70 WT ). Six or more weeks after reconstitution, peripheral lymphoid organs were examined for the presence of F5 T cells. Analyzing Zap70 protein expression by thymocytes from F5 TetZap70 chimeras confirmed efficient reconstitution of Zap70 protein expression in mice fed dox ( Fig. 1A) . In peripheral lymph nodes, dox-free F5 TetZap70 control chimeras had virtually no detectable F5 T cells ( Fig. 1B) . In contrast, F5 TetZa-p70 ON chimeras had a substantial population of F5 T cells, although reduced in absolute number compared with control Zap70 WT F5 chimeras ( Fig. 1B) . In contrast to the thymus, peripheral T cells from F5 TetZap70 ON chimeras had a reduced abundance of Zap70 compared with Zap70 WT F5 T cells. Tetracycline-inducible transgenes have previously been described to express relatively poorly in peripheral T cells (10, 26) . T cells from F5 TetZap70 chimeras taken off dox for 7 d (F5 TetZap70 OFF ) had no detectable Zap70 protein and were therefore used as donors of Zap70-deficient peripheral F5 T cells thereafter. CD5 expression is known to be tuned by homeostatic TCR signaling (10, 27) . We therefore assessed CD5 expression by T cells from F5 TetZap70 ON chimeras to see whether homeostatic TCR signaling was altered by differing levels of Zap70 expression in these mice. Of note, CD5 expression levels by F5 T cells from different chimeras correlated with Zap70 expression levels, indicating that T cells in both F5 TetZap70 ON and F5 Tet-Zap70 OFF chimeras were receiving weaker homeostatic TCR signals than were F5 T cells from control Zap70 WT chimeras. Because we wanted to study the consequence for T cell survival of losing Zap70, we wanted to confirm that ablation of Zap70 expression did not affect maturation status of F5 T cells or their expression or function of IL-7Ra. F5 T cells maintained a naive CD44 lo phenotype in F5 TetZap70 OFF chimeras (Fig. 1C ), and neither expression or function of IL-7Ra was altered in F5 TetZap70 OFF chimeras (Fig. 1C, Supplemental Fig. 1 ).
Zap70 expression is required for long-term survival of F5 T cells
To determine whether continued Zap70 expression is required for long-term survival of naive T cells, T cell numbers in F5 TetZap70 ON chimeras were assessed following withdrawal of dox from their diet as compared with F5 TetZap70 ON controls fed dox continuously. Following their withdrawal from dox diet, the frequency of F5 T cells in the blood of F5 TetZap70 chimeras underwent an exponential decay (r 2 = 0.89) with a t 1/2 of 10.1 d ( Fig. 2A ). By day 40, the representation of F5 T cells in peripheral blood had dropped to ,10% of their original frequency. Mice were culled and total numbers of F5 T cells in lymph node and spleen calculated. In F5 TetZap70 chimeras taken off dox, F5 T cell numbers had reduced to ∼10% of numbers recovered from F5 TetZap70 ON controls (Fig. 2B ). The remaining few F5 T cells in F5 TetZap70 OFF chimeras maintained a normal naive phenotype with respect to CD44 and IL-7Ra expression ( Fig. 2C ).
F5 T cells from F5 TetZap70 ON chimeras have a lower abundance of Zap70 protein than do control Zap70 WT F5 T cells (Fig. 1C ). To determine whether the level of Zap70 protein in dox-fed F5 TetZap70 T cells was sufficient to transmit a survival signal, we compared survival, following adoptive transfer, of F5 T cells in which TetZap70 expression was maintained with survival of F5 T cells in which Zap70 expression was ablated following withdrawal of dox. F5 T cells from F5 TetZap70 ON donors were transferred to dox-fed recipients to maintain TetZap70 ex-pression, whereas Zap70-deficient F5 T cells were obtained from F5 TetZap70 chimeras taken off dox food for 7 d. Both populations failed to survive compared with control Zap70 WT F5 T cells, and, of note, F5 T cell loss in dox-fed versus dox-free hosts was similar ( Fig. 2D ). Therefore, low Zap70 expression in F5 T cells from F5 TetZap70 mice was not sufficient to promote their survival above the survival of Zap70-deficient F5 T cells.
Zap70 expression is required for proliferation but not survival of F5 T cells in lymphopenia
In lymphopenic hosts, naive T cells undergo LIP. LIP of F5 T cells depends on TCR signaling and cytokines IL-7 and IL-15 (11, 28) .
To determine whether Zap70 expression is required to induce LIP, FIGURE 1. Inducible Zap70 expression rescues peripheral reconstitution in Zap70-deficient F5 TCR transgenic mice. F5 TetZap70 chimeras were generated by reconstituting irradiated Rag1 2/2 hosts with bone marrow from F5 TetZap70 mice or F5 Rag1 2/2 donors as control. Groups of F5 TetZap70 chimeras were fed dox to induce Zap70 transgene expression (n = 14) or normal diet as control (n = 7). After 6 wk, the thymus and lymph node were analyzed. (A) Histograms are of Zap70 expression by human CD2-gated thymocytes from dox-fed F5 TetZap70 chimeras (solid black lines) and total live thymocytes from dox-free F5 TetZap70 chimeras (gray fill) and control F5 chimeras (thin line). (B) Bar chart shows total number of CD8 + TCR hi F5 T cells present in lymph nodes in F5 TetZap70 chimeras fed dox or conventional food as compared with control Zap70 WT F5 chimeras. (C) After 6 wk, a further group of dox-fed chimeras were taken off dox food to ablate Zap70 transgene expression and all groups were analyzed 7 d later. Histograms are of Zap70, CD5, IL-7R, and CD44 expression by CD8 + TCR hi F5 T cells from lymph nodes of dox-fed (solid thick lines, F5 TetZap70 + Dox) chimeras or from dox-fed mice taken off dox food for 7 d (broken lines, F5 TetZap70 2 Dox) as compared with Zap70 WT control F5 T cells (thin line, F5 control) and thymocytes from F5 TetZap70 chimeras never fed dox as negative control (gray fill, F5 TetZap70 Dox free). Data are representative of (A and C) or pooled from (B) four independent experiments. FIGURE 2. F5 T cells fail to persist in the absence of continued Zap70 expression. F5 TetZap70 chimeras were fed dox for 6 wk following reconstitution. Groups of mice were either maintained on dox (+Dox) (n = 3) or taken off dox food (2Dox) (n = 3). (A) Mice were bleed weekly and the frequency of T cells in the blood was assessed by FACS. Graph shows mean frequency 6 SEM of CD8 T cells in the blood of dox fed (+Dox, n) or taken off dox (2Dox, N), normalized to frequency at day 0 after dox food was withdrawn. Dotted line (Fit) indicates curve fit used to estimate F5 T cell t 1/2 in mice taken off dox food. (B and C) At the end of the time course described in (A), T cell numbers in lymph nodes and spleen and phenotype of lymph node T cells were determined. (B) Bar chart shows total numbers of F5 T cells in lymph nodes of chimeras fed dox (+Dox) or taken off dox (2Dox) diet for 42 d. (C) Histograms are of CD44 and IL-7R expression by CD8 + TCR + T cells from dox-fed chimeras (thick black line), or chimeras taken off dox 42 d previously (broken line) as compared with control F5 T cells (thin line). (D) Survival of F5 T cells in the presence or absence of continued TetZap70 expression was measured following adoptive transfer of F5 T cells to congenic CD45.1 F5 Rag1 2/2 hosts. F5 T cells from dox-fed F5 TetZap70 chimeras were transferred to dox-fed hosts to maintain TetZap70 expression (+Dox, n), whereas Zap70-deficient F5 T cells were taken from F5 TetZap70 chimeras taken off dox 7 d previously and transferred to dox-free hosts (2Dox, N). As control, F5 T cells from Zap70 WT F5 chimeras were transferred to congenic hosts (F5 Ctrl). Graph shows frequency of donor F5 T cells in blood following transfer, normalized to frequencies at day 1. Data are representative of three independent experiments (A, C, and D) or pooled from three or more independent experiments (B). F5 T cells from F5 TetZap70 ON chimeras and from control CD45.1 CD45.2 F5 Rag1 2/2 donors were labeled with the cell dye CTV and cotransferred to dox-free Rag1 2/2 or CD45.1 F5 Rag1 2/2 hosts as control. In Rag1 2/2 hosts, control F5 T cells underwent progressive cell division as previously described (29, 30) . In contrast, F5 T cells from F5 TetZap70 donors failed to undergo any cell division in the absence of continued Zap70 expression ( Fig. 3A) .
Previous studies have shown that F5 T cells survive without detectable cell death or loss following their transfer into Rag1 2/2 hosts (30) . Therefore, to accurately assess survival of F5 TetZap70 T cells, we measured the ratio of F5 TetZap70/F5 control T cells recovered following adoptive transfer, making the assumption that control F5 T cells do not die following transfer. In replete congenic F5 hosts, the representation of Zap70-deficient F5 T cells steadily declined (Fig. 3B) , consistent with the loss of F5 T cells observed in F5 TetZap70 OFF chimeras (Fig. 2) . To specifically assess relative survival of Zap70-deficient F5 T cells in Rag1 2/2 hosts, the numbers of control F5 T cells were first normalized to exclude population expansion resulting from cell division (see Materials and Methods). Comparing the ratio of precursor frequencies of F5 TetZap70 OFF /F5 control T cells revealed that the representation of each population was stable over time. This indicated that Zap70-deficient F5 T cells survived equally well to Zap70 WT controls in lymphopenic hosts (Fig. 3B ). To confirm that F5 T cells could survive in lymphopenic hosts in the absence of TCR signaling, we also compared survival of control CFSElabeled F5 T cells in class I ligand-deficient b2m 2/2 Rag1 2/2 hosts as compared with the same cells transferred to Rag1 2/2 or Il7 2/2 Rag1 2/2 hosts. F5 T cells expanded in Rag1 2/2 hosts and declined in number in IL-7-deficient hosts, as described previously (12, 25) . In contrast, F5 T cells failed to proliferate but survived in b2m 2/2 Rag1 2/2 hosts (Supplemental Fig. 2) .
We have previously shown that IL-7 signaling to T cells in lymphopenia is quantitatively greater than in replete hosts and enhances T cell survival (12) . We therefore asked whether Zap70independent survival of F5 T cells was IL-7-dependent. To do this, we cotransferred Zap70-deficient and control F5 T cells to IL-7-deficient Il7 2/2 Rag1 2/2 hosts. In the absence of IL-7, F5 T cells decline with a t 1/2 of ∼6 d (Supplemental Fig. 2A) (12) . The ratio of F5 TetZap70 OFF /WT F5 T cells underwent a rapid decrease following cell transfer to IL-7-deficient hosts (Fig. 3B) , revealing that Zap70-deficient F5 T cells declined even faster than controls in the absence of IL-7 and confirming that their persistence in Rag1 2/2 lymphopenic hosts was IL-7-dependent.
Zap70 is essential for integration of recent thymic emigrants to the peripheral compartment Peripheral T cells in F5 TetZap70 chimeras have a t 1/2 of ∼10 d ( Fig. 2A) , and this is not increased by the low levels of Zap70 expression found in peripheral T cells from F5 TetZap70 ON chimeras (Fig. 2C) . Therefore, thymic output in F5 TetZap70 ON chimeras would be anticipated to play a significant role in maintaining the peripheral compartment. The number of peripheral F5 T cells in such chimeras represents the equilibrium between thymic generation of new F5 T cells and loss of peripheral mature T cells in the presence of low Zap70 expression level. Recent thymic emigrants (RTEs) in F5 mice can be readily identified by expression profile of HSA hi CD45RB lo Qa2 lo (31) . In F5 TetZap70 chimeras fed dox, a higher proportion of F5 T cells expressed HSA, and this population was reduced when mice were taken off dox for 7 d (Fig. 4A) .
Quantifying the proportion of HSA hi cells revealed that F5 TetZap70 chimeras had a higher frequency of RTEs than that observed in controls. During their maturation, RTEs express lower IL-7Ra than do mature T cells (32) and this contributes to reduced survival and LIP by RTEs (31) . In F5 mice, F5 T cells upregulate IL-7Ra expression following egress from the thymus, and therefore for a time, RTEs in F5 mice express low levels of IL-7Ra compared with mature naive F5 T cells (31) . High levels of IL-7 in vivo can promote T cell survival in the absence of Zap70 expression ( Fig. 3B ). However, we reasoned that under conditions of reduced IL-7 signaling, such as occur in IL-7Ra lo RTEs, T cells may instead be more dependent on TCR signaling for their survival. To investigate this, we generated mixed bone marrow chimeras in which F5 TetZap70 T cells must compete with congenically labeled Zap70 WT control F5 T cells for survival. We anticipated that control F5 cells would outcompete F5 TetZap70 cells at some stage, and so chimeras were generated at a 10:1 ratio of F5 TetZap70/F5 control bone marrow to most sensitively detect reduced competitiveness of F5 TetZap70 cells. Whereas DP thymocytes in F5 TetZap70 chimeras express high levels of Zap70 compared with control F5 thymocytes, CD8 SP and peripheral F5 T cells in these chimeras express substantially less Zap70 than in Zap70 WT control F5 hosts. Therefore, comparing the ratio of F5 TetZap70/control F5 throughout development in mixed chimeras would identify those developmental stages most dependent on optimal Zap70 expression and at which low Zap70 expression would result in a competitive disadvantage. Subsets of DP thymocytes were analyzed as described previously using TCR and CD5 expression (22) . DP1 (TCR lo CD5 lo ) cells represent preselection thymocytes, DP2 (TCR int CD5 hi ) cells are those in the first 48 h of selection, and DP3 (TCR hi CD5 int ) cells are exclusively CD8 lineage DP cells at a late (72 h) stage of maturation. SP thymocytes were partitioned into immature HSA hi and mature HSA lo populations. Within the thymus, F5 TetZap70 thymocytes reduced their representation at the DP1-DP2 transition, at the onset of positive selection, and also at the HSA hi SP-HSA lo SP transition (Fig. 4B ). This is consistent with our recent study in which we show that survival of CD8 SP F5 thymocytes depends on continuous TCR signaling via Zap70 (33) . In the periphery of mixed chimeras, however, F5 TetZap70 thymocytes were almost completely absent. The few cells that were present had the phenotype of RTE, that is, IL-7R lo and HSA hi (Fig. 4C ). Taken together, these data suggest that Zap70 lo RTEs of F5 TetZap70 origin failed to integrate into the peripheral T cell compartment and give rise to fully mature naive F5 T cells.
Partial rescue of Zap70YYAA F5 thymic development by TetZap70 expression
Our data show that Zap70 expression is critical for survival of mature naive T cells. We next wanted to investigate the signaling requirements for transmission of the survival signal by Zap70.
Previous studies have identified two tyrosine residues, 315 and 319, as critical for adaptor function and transmission of downstream signals during T cell activation (23) . To test the role of this functionality of Zap70 in transmitting homeostatic TCR signals, we took advantage of the Zap70 YYAA mutant strain in which tyrosines 315 and 319 of the endogenous Zap70 gene have been mutated to alanine residues. We bred F5 TetZap70 Zap70 YYAA mice, in which the endogenous Zap70 locus expressed the mutant Zap70 YYAA , and used donor bone marrow to generate chimeras in Rag1 2/2 hosts. In the absence of WT Zap70 expression in doxfree chimeras, Zap70 YYAA expression from the endogenous Zap70 locus was unable to restore development of F5 thymocytes (Fig. 5A) , consistent with previous reports (23) . Inducing transgenic WT Zap70 expression following dox administration restored thymic development of Zap70 YYAA -expressing F5 thymocytes (Fig. 5A ). However, generation of CD8 SP was reduced in dox-fed F5 TetZap70 Zap70 YYAA chimeras, as compared with both control F5 chimeras and F5 TetZap70 chimeras (Fig. 5B ), suggesting that Zap70 YYAA may mediate some dominant-negative activity in the context of transgenic Zap70 expression in F5 TetZap70 mice. Enumerating peripheral F5 T cells in F5 TetZap70 Zap70 YYAA chimeras revealed that transgenic Zap70 restored development of peripheral F5 T cells, but as observed in the thymus, in reduced numbers as compared with F5 TetZap70 mice (Fig. 5C ).
Zap70 YYAA cannot transmit survival or proliferative homeostatic signaling
We next assessed the ability of Zap70 YYAA to transmit homeostatic TCR signals in vivo. We determined the survival of F5 T cells expressing Zap70 YYAA alone, following withdrawal of dox food. F5 T cells in control F5 TetZap70 OFF chimeras underwent a steady reduction in frequency ( Fig. 6A ) and were reduced in number at the end of the experiment (Fig. 6B ). F5 T cells in F5 TetZap70 Zap70 YYAA chimeras also disappeared following withdrawal of dox food with similar kinetics to Zap70-deficient F5 T cells (Fig. 6A ). Analyzing T cell numbers at the start and end of the experiment revealed that F5 TetZap70 Zap70 YYAA chimeras started with fewer total F5 T cells in peripheral lymphoid organs compared with control F5 TetZap70 chimeras, consistent with the observed reduction in CD8 SP generation in the thymus of F5 TetZap70 Zap70 YYAA chimeras. Following loss of Zap70 transgene expression for 44 d, F5 TetZap70 OFF Zap70 YYAA and F5 TetZap70 OFF chimeras both finished with similar low numbers of F5 T cells (Fig. 6B) . Therefore, Zap70 YYAA expression was insufficient to promote survival of F5 T cells following cessation of Zap70 transgene expression above that observed in Zap70deficient F5 T cells. Finally, we asked whether Zap70 YYAA expression was able to transduce signals to induce LIP by F5 T cells. F5 T cells from F5 TetZap70 Zap70 YYAA chimeras were labeled with cell dye and transferred to Rag1 2/2 hosts. Control F5 T cells underwent progressive cell divisions following transfer. In contrast, F5 T cells from F5 TetZap70 Zap70 YYAA chimeras failed to undergo any cell division (FIg. 6D) . Therefore, Zap70 YYAA expression was insufficient to transmit TCR signals required to induce LIP.
Discussion
Peripheral naive T cells depend on TCR signals induced by interaction with spMHC for their long-term survival. The signaling events involved in transmission of this survival signal are poorly understood. In the present study, we investigated the role of tyrosine kinase Zap70 in the transmission of this signal. We found that expression of Zap70 protein was essential for both long-term survival of naive T cells and for their proliferation in response to lymphopenia. Furthermore, utilizing Zap70 knock-in mice in which scaffolding function but not kinase activity is impaired by mutation of tyrosines residues 315 and 319 to alanines, we show that this aspect of Zap70 function is also required for transmission of homeostatic signals. Ligation of TCR by cognate Ag induces a signaling cascade that results in entry into cell cycle, differentiation, and secretion of growth and effector cytokines such as IL-2 and IFN-g. Our data suggest that the proximal signaling events induced by spMHC that are required to promote survival of T cells or trigger them into cell division during LIP share similar functional requirements of Zap70, because the scaffolding function of tyrosines 315 and 319 are essential for both activation and homeostatic responses. These residues have been shown to bind Lck, Vav1, and phospholipase Cg. Vav1 and phospholipase Cg recruitment to the Ag receptor allow activation of PI3K and calcium signaling (reviewed in Ref. 34) . Therefore, our data suggest that either one or both of these pathways are required also for homeostatic survival and LIP responses.
The distal targets of TCR signaling required to promote naive T cell survival have not been identified. However, because IL-7 is also required for survival of naive T cells, it has been speculated that the TCR-mediated survival signal may be upstream of IL-7 signaling, at some functional level, either by regulating homing of T cells to sites of IL-7 production in lymph nodes or by direct tuning of IL-7R signaling (35) . Loss of either IL-7R expression or Zap70 expression in F5 T cells results in a similar rapid decline in F5 T cells numbers. In this case, Zap70-deficient F5 T cells had a shorter t 1/2 (∼10 d in intact hosts, a death rate of 0.069/cell/d) than previously reported for IL-7R-deficient F5 T cells in similar host T cell conditions, whose t 1/2 is ∼14 d (a death rate of 0.049/ cell/d) in the absence of IL-7Ra (12) . Zap70 expression was required for survival of naive T cells in conditions of a highly populated T cell compartment, such as in intact chimeras or following adoptive transfer to full mice. In lymphopenia, however, F5 T cells could survive in the complete absence of Zap70 in an IL-7-dependent manner. Therefore, IL-7 can, given sufficient levels, maintain T cell survival in the absence of TCR signaling, and T cell death in the absence of TCR signaling is not entirely a cell-intrinsic property. F5 T cells express lower levels of IL-7R than do WT naive CD8 T cells and so we would anticipate that WT T cells would also survive in the absence of TCR signaling in lymphopenia. Reduced IL-7R signaling in F5 T cells may also account for the slightly accelerated loss of F5 T cells as compared with polyclonal CD8 T cells that lose Src family kinases expression, or OTI T cells that loose expression of TCR, whose half-lives are a little longer at ∼18-21 d (10, 19) . We found that Zap70deficient F5 T cells could survive well in lymphopenic hosts, and would anticipate that WT CD8 T cells would survive at least as well in similar conditions of TCR signal deprivation, because they express higher IL-7R than F5. Although we did not precisely determine how much IL-7 availability was required for Zap70independent survival of F5 T cells, it is also possible that the higher level of IL-7R expressed by WT naive CD8 T cells permits them to survive independently of TCR signals in less lymphopenic environments. It will be important and clinically relevant in future FIGURE 6. Zap70 YYAA expression cannot support survival or homeostatic proliferation of F5 T cells. Rag1 2/2 irradiation chimeras were generated by their reconstitution with bone marrow from F5 TetZap70, F5 TetZap70 Zap70 YYAA , or F5 control chimeras. Recipients of F5 TetZap70 and F5 TetZap70 Zap70 YYAA bone marrow were fed dox food to allow reconstitution of peripheral T cells. (A) After 6 wk, groups of chimeras were taken off dox to ablate TetZap70 expression or maintained on dox food. Frequency of F5 T cells in blood was monitored after dox food was withdrawn. Line graphs show frequency of F5 T cells in blood, normalized to the frequency at day 0, in F5 TetZap70 chimeras (Zap70 2/2 , left) and F5 TetZap70 Zap70 YYAA chimeras (Zap70 YYAA , right) in mice on dox (blackfilled symbols) or off dox food (open symbols) as compared with control F5 chimeras (gray-filled diamonds). (B) Bar chart shows numbers of F5 T cells in F5 TetZap70 and F5 TetZap70 Zap70 YYAA chimeras at the experimental endpoint, 6 wk after groups of mice were taken off dox food. (C) F5 T cells from F5 TetZap70 Zap70 YYAA chimeras and control Zap70 WT F5 chimeras were labeled with CTV and transferred into Rag1 2/2 hosts. Proliferation was assessed at days 1, 7, and 14 after transfer by analyzing CTV labeling by FACS. Histograms are of CTV dye in F5 TetZap70 Zap70 YYAA T cells (black line) as compared with F5 T cells from control chimeras (gray fills). Data are representative of two independent experiments. studies to identify the concentration of IL-7 in vivo at which T cell survival becomes TCR signaling-independent, as IL-7 treatment is being employed clinically as an immunotherapy (36, 37) .
The reverse, however, is not true. Zap70-dependent survival signaling is not sufficient to mediate rescue of naive T cell survival in the absence of IL-7, because IL-7Ra-deficient F5 T cells die even in lymphopenic hosts (12, 27) . Furthermore, in the present study we showed that F5 T cells have the shortest t 1/2 (∼1.1 d, a death rate of 0.63/cell/d) in the combined absence of both Zap70 expression and host IL-7. Therefore, the additive effects of IL-7 and Zap70 deficiency of T cell survival suggest the activities of parallel survival pathways as opposed to a single common pathway in which the signals are working in series. The death rate of 0.63/cell/d in the combined absence of both Zap70 and IL-7 was greater than the sum of rates in the absence of IL-7Ra (0.049/cell/d) or Zap70 in full mice (0.23/cell/d). This implies synergistic activity between these two signals to promote survival, and that they may converge on a common mechanism. Because it is known that IL-7 regulates Bcl2 expression and function, it is possible that TCR signaling also functions to regulate some other aspect of the intrinsic pathway of apoptosis. Whereas IL-7 signaling can regulate Bcl2 expression transcriptionally (12), Bcl2 expression was normal in Zap70-deficient F5 T cells (data not shown).
The distinct activities of IL-7-and TCR-mediated survival signaling and the ability of IL-7 to promote survival in the absence of Zap70 were also reflected in the manner in which naive T cells cope with a loss of TCR signaling. T cell survival correlated inversely with competition or availability of IL-7. Zap70-deficient F5 T cells were able to persist in T cell-deficient hosts. Although cells could not undergo LIP in lymphopenia in the absence of Zap70 expression, they survived equally well as Zap70-expressing control T cells. In such hosts, T cell numbers were low, and there was unlikely to be significant competition by T cells for IL-7. In contrast, the t 1/2 of Zap70-deficient F5 T cells in intact F5 TetZap70 chimeras was ∼10 d. Initial total T cells numbers in dox-fed F5 TetZap70 chimeras were ∼2 3 10 6 , which is ∼10-fold less than control F5 hosts. Following their transfer to full control F5 hosts, however, Zap70-deficient F5 T cells had a reduced t 1/2 of only ∼3 d. However, even in such competitive conditions, Zap70deficient T cells were still receiving IL-7-mediated survival signals, because the same cells transferred to IL-7-deficient hosts had an even shorter t 1/2 of only ∼1.5 d. Thus, IL-7 signaling promotes naive T cell survival regardless of T cell compartment size, and there is abundant evidence that IL-7 sets the upper limit on how many T cells can be supported in a host (2, 38) . In contrast, it appears that Zap70-dependent TCR survival signals have most influence when IL-7 is limiting, in a full T cell compartment, and so may rather play a role in fine tuning the composition of the TCR repertoire.
Finally, our data also suggest that the interplay between TCR and IL-7-dependent T cell survival signaling is particularly critical during development in RTEs. Analyzing competition between control and F5 TetZap70 T cells, which express lower levels of Zap70 as they leave the thymus, identified the RTE stage as a specific bottleneck for the generation of mature peripheral F5 TetZap70 T cells in competitive chimeras. F5 TetZap70 T cells were almost completely absent from the periphery of mixed chimeras, and the few T cells present were HSA hi IL-7Ra lo RTEs (31) . F5 TetZap70 T cells are capable of developing into fully mature peripheral F5 T cells because T cells with a mature HSA lo IL-7R hi phenotype are evident in F5 TetZap70 mice (24) . Therefore, the absence of fully mature F5 TetZap70 T cells in mixed chimeras was not because maturation of RTEs specifically requires TCR signaling, consistent with the view of others (32) .
Given that Zap70-deficient F5 T cells undergo most rapid death in IL-7-deficient hosts, our data argue that the reduced expression of IL-7Ra by RTEs specifically renders them more dependent on TCR signaling for their survival during the 10 d period of their homeostatic maturation. In mixed chimeras of WT and F5 TetZap70 cells, therefore, reduced levels of Zap70 expression in F5 TetZap70 RTEs, coupled with low IL-7Ra and host competition for available IL-7, most likely result in the rapid death of F5 TetZap70 RTE. Other studies reveal that RTE survival is favored in lymphopenic hosts (39) , and our data suggest that this may be a property more dependent on TCR signaling. In normal polyclonal mice, a relative increase in the importance of TCR signaling for survival of T cells during the RTE stage may serve to ensure preferential survival of T cell clones whose TCRs have high avidity for spMHC. Once fully mature, however, T cells are relatively more dependent on IL-7 signaling, thereby ensuring the maintenance of a broad repertoire of T cells.
